Development of the tectum and the cerebellum is induced by a reciprocal inductive signaling between their respective primordia, the midbrain and the midbrain/hindbrain boundary (MHB). We set out to identify molecules that function in and downstream of this reciprocal signaling. Overexpression of LIM domain of the transcription factor Islet-3 (LIM Isl-3 ) leads to inhibition of this reciprocal signaling and to resultant defects in tectal and cerebellar development. We therefore searched for genes that may be either up-or down-regulated by overexpression of LIM by comparing the gene expression pro®les in the midbrain and the MHB of normal embryos and embryos in which Islet-3 function was repressed, using a combination of ordered differential display and whole-mount in situ hybridization. Among genes identi®ed in this search, two cDNA fragments encoded Wnt1 and FGF8, which are already known to be essential for the reciprocal signaling between the midbrain and the MHB, con®rming the effectiveness of our strategy. We identi®ed four other partial cDNA clones that were speci®cally expressed around the MHB, ten cDNAs speci®cally expressed in the tectum, and three cDNAs expressed in neural crest cells including those derived from the midbrain level. The ephrin-A3 gene was speci®cally expressed in posterior tectum in a gradient that decreased anteriorly. Although ephrin-A2 and ephrin-A5 have been reported to be expressed in the corresponding region in mouse embryos, the superior/inferior colliculi, mouse ephrin-A3 is not expressed prominently in this region, suggesting that the role of ephrin-A3 in brain development may have been altered in the process of brain evolution. q
Introduction
In vertebrate brain development, anterior neuroectoderm is patterned along the antero-posterior and dorso-ventral axes by the end of gastrulation, leading to formation of three brain vesicles, the forebrain, the midbrain, and the hindbrain (Beddington and Robertson, 1999; Hirth and Reichert, 1999) . Cellular interactions between adjacent regions may further elaborate the brain structure. Subsequently, a variety of neurons differentiate in accordance with their position to form complex neural networks.
The molecular mechanisms underlying the establishment and the development of the midbrain/hindbrain boundary (MHB) have been vigorously studied (reviewed by Joyner, 1996; Wassef and Joyner, 1997; Simeone, 2000; Wurst and Bally-Cuif, 2001 ). In late gastrulation, the presumptive MHB is speci®ed at the border between two adjacent regions that express two distinct transcription factors, Otx2 and Gbx2 (Broccoli et al., 1999; Millet et al., 1999);  Otx2 is expressed in the midbrain (Simeone et al., 1992 (Simeone et al., , 1993 Li et al., 1994; Mori et al., 1994; Bally-Cuif et al., 1995; Millet et al., 1996) , whereas Gbx2 is expressed in the hindbrain (Bouillet et al., 1995; von Bubnoff et al., 1996; Niss and Leutz, 1998; Shamim and Mason, 1998) . In the presumptive MHB of zebra®sh embryos, expression of the transcription factors Pax2.1 and Engrailed2 (Eng2) and the signaling molecules Wnt1 and FGF8 is initiated at around 10-h post-fertilization (hpf), i.e. the bud stage (Krauss et al., 1991; Molven et al., 1991; Ekker et al., 1992; Fjose et al., 1992; Fu Èrthauer et al., 1997; Pfeffer et al., 1998; Reifers et al., 1998) . In later stages, it has been proposed that the expression of these factors is maintained by reciprocal inductive signaling between the MHB and the presumptive tectal region of the midbrain, in which they positively and reciprocally regulate each other's expression levels, and maintain the structural and molecular identities of these brain regions (McMahon et al., 1992; Kikuchi et al., 1997; Reifers et al., 1998; Lun and Brand, 1998) .
The experiments using chick, mouse, and zebra®sh have shown that the MHB acts as an organizing center for formation of the tectum and the subsequent establishment of the www.elsevier.com/locate/modo topographic retinotectal projection. In chick embryos, when an MHB transplant is grafted into the diencephalic region, the transplant induces differentiation of an ectopic tectum from the surrounding host tissue (Alvarado-Mallart et al., 1990) . Among the genes induced by this organizing activity, members of the engrailed (en) gene family are expressed in the caudal tectum, with expression levels decreasing rostrally (Gardner et al., 1988; Patel et al., 1989) . The members of the engrailed gene family are thought to be involved in the formation of tectal polarity (Itasaki et al., 1991; Itasaki and Nakamura, 1992) . In chick embryos, ectopic expression of en-2 induces anterior tectum to express several characteristics of the posterior tectum; arborization of axon termini from the nasal retinal ganglion cells (RGCs; Itasaki and Nakamura, 1996) , enhanced mitotic activity as compared to the cells in the normal anterior tectum (Lee et al., 1997) , and strong expression of ephrin-A2 and ephrin-A5 (Logan et al., 1996; Shigetani et al., 1997) , which are both expressed in the posterior tectum with a gradient that decreases rostrally (Cheng and Flanagan, 1994; Drescher et al., 1995) , and play crucial roles as repulsive guidance molecules for the temporal RGC axons in the retinotectal topographic projection (reviewed by Holder and Klein, 1999; O'Leary and Wilkinson, 1999; Mellitzer et al., 2000; Wilkinson, 2000) .
Zebra®sh Islet-3 is a LIM (Lin-11, Islet-1, and Mec-3) homeodomain-containing transcription factor which is expressed in the central nervous system, especially in the eyes and the tectum (Tokumoto et al., 1995; Kikuchi et al., 1997) . The LIM/homeodomain-type transcription factors bind to DNA using homeodomains and form heteromeric tetramers by binding of the LIM domains to dimers of the LIM domain-binding factor (Ldb; Agulnick et al., 1996; Jurata et al., 1996; Bach et al., 1997) . We had reported previously that formation of the eyes and the MHB was severely impaired by overexpression of the LIM domain of Islet-3 (LIM ), and suggested that these phenotypes were the consequence of dominant-negative repression of Islet-3 function (Kikuchi et al., 1997) . However, even when Islet-3 function is repressed in this way, the expression of marker genes for the MHB, such as wnt1, eng2, and pax2.1, was normally initiated at around 10 hpf, the early segmentation period. However, they are down-regulated between 14 and 20 hpf, the mid-segmentation period. From this period on, it is thought that the gene expression in the MHB is maintained by the reciprocal inductive signaling between the MHB and the midbrain (McMahon et al., 1992; Kikuchi et al., 1997; Reifers et al., 1998; Lun and Brand, 1998) . Therefore, Islet-3 is implicated in maintenance of this reciprocal signaling (Kikuchi et al., 1997) .
Ordered differential display (ODD) is a powerful and sophisticated method for the comparison of gene expression pro®les (Matz et al., 1997; Matz and Lukyanov, 1998) . In ODD, double stranded cDNA is synthesized using oligo-dTcontaining T-primer, and is digested with the restriction enzyme RsaI, which recognizes a four-nucleotide sequence and produces blunt-ended fragments. Following ligation of an adaptor to the digested fragments, the pools of 3 H -most cDNA fragments (basic sample) are selectively ampli®ed using a combination of adaptor-speci®c primer and Tprimer under conditions in which the ampli®cation of digested cDNA fragments with an adaptor sequence on both ends is suppressed (Siebert et al., 1995; Lukyanov et al., 1996) . When displaying cDNA fragments, unlike conventional differential display (DD) which utilizes arbitrary primers (Liang and Pardee, 1992; Welsh et al., 1992) , the basic samples are further ampli®ed with adaptor-and Tprimer-speci®c extended primers (AdE2-primers and TEprimers, respectively) that possess two extended bases at their 3 H -ends, which contribute to the ampli®cation of a speci®c subset of the basic sample. Use of these adaptorspeci®c primers facilitates highly reproducible results with few false-positive signals. In addition, less than 1 mg of total RNA is suf®cient for a whole series of ODD reactions, a major advantage when studying tiny tissue samples such as those from one region of the developing zebra®sh brain. Despite these advantages of ODD, this method has not been widely exploited for gene pro®le analysis.
In this paper we searched for genes whose expression may be regulated by the reciprocal inductive signaling between the MHB and the midbrain by comparing gene expression pro®les in the tectal-MHB region of normal embryos with those of the LIM Isl-3 -overexpressing embryos using ODD in combination with in situ hybridization analysis. To date, several attempts have been made to identify the MHB-speci®c genes, based on the regional differences in the gene expression pro®les along the antero-posterior axis of the brain (Funahashi et al., 1999; Chambers et al., 2000) . Compared with them, our aim is more speci®c. We identi®ed genes, which are speci®cally involved in and/or downstream of the reciprocal signaling by comparing two otherwise identical tissues except that one of them completely lacked this reciprocal signaling. We identi®ed six cDNAs that were speci®cally expressed around the MHB, ten cDNAs speci®cally expressed in the tectum, and three cDNAs expressed in neural crest cells. Four novel clones were speci®cally expressed in the MHB. Furthermore, we found that zebra®sh homolog of ephrin-A3 was expressed with an anteriorly decreasing gradient in the posterior tectum, a different region to that previously reported in other species, suggesting that ephrin-A3 function in the brain development may have been altered in the course of vertebrate evolution.
Results

Ordered differential display
We searched for genes whose expression levels in the tectum and/or the MHB were altered by the overexpression of LIM Isl-3 using ODD (Fig. 1) . Our previous data showed that overexpression of LIM represses expression of genes, e.g. wnt-1, pax2.1, and eng2, which are critically involved in the reciprocal inductive signaling between the presumptive tectum and the MHB (Kikuchi et al., 1997) . ODD was performed with independent triplicate samples from both normal and LIM -overexpressing embryos to distinguish true differences in expression levels from falsepositive differences potentially caused by genetic polymorphisms or experimental errors ( Fig. 2A) . Since we observed 135 bands per one set of primers on an average, we surveyed approximately a total of 26,000 bands with all possible primer combinations 16 £ 12 192; 135 £ 192 ca: 26; 000 : Each of these bands should represent a unique cDNA species with ODD. A total of 296 bands showed changes in expression level; the intensities of 172 bands decreased, and 124 bands increased in the LIM -overexpressing embryo samples. Attempts to clone the cDNA fragments from these altered bands indicated that many bands included several unique cDNA species because of overlapping sizes. We therefore resolved the bands on an agarose gel containing H.A.-Yellow or H.A.-Red, which selectively bind to AT and GC base pairs (bp), respectively (Wawer et al., 1995; Yoshikawa et al., 1998) , and alter the electrophoretical mobility of the DNA fragments bound by these reagents based on AT or GC content. First, the ampli®ed fragments (Fig. 2B) were separated in the H.A.-Yellow-containing agarose gel (Fig.  2C) . Bands showing differential intensity were isolated, reampli®ed, and then resolved on an agarose gel containing H.A.-Red (data not shown). The cDNA fragments of interest were ®nally cloned into a plasmid vector. We then con®rmed that the nucleotide sequence of the cloned insert coincided with the results of polymerase chain reaction (PCR)-mediated direct sequencing of the affected band (Fig. 2D) .
The cloned fragments were 3 H -most cDNA fragments ranging from 200 bp to 1 kbp in size. Therefore, most of the fragments did not contain open reading frames (ORF). In -overexpressing embryos at 25±26 hpf were excised and subjected to ODD. -overexpressing embryos (L), and from the tails of normal embryos (T). (B,C) the D121 and the D160 fragments were excised from the N lanes of (A). Negative-control samples were also excised from the corresponding position of the L lanes of (A). They were both ampli®ed using the same speci®c combination of AdE2-primer and TE-primer as were used for displaying each of the D121 and the D160 fragments, and were subjected to the electrophoretical separation using the agarose gel without (B) and with (C) H.A.-Yellow. Note that degeneration of fragments with similar sizes was resolved in C. (D) A¯ow chart of all the steps following ODD.
order to acquire more sequence information of the 5 Hupstream region of the clones that showed distinct changes in expression levels, we performed plasmid cDNA librarybased inverse PCR (see Section 4). Sequence comparisons with two databases (GenBank and TIGR Zebra®sh Gene Index) indicated that 89 clones had similarities to known genes. Nineteen of these clones putatively encoded ribosomal RNAs or ribosomal proteins, and were therefore out of the scope of our interest. A total of 97 clones were registered as zebra®sh expressed sequence tags (ESTs). The remaining 100 cDNA fragments showed no similarity to any known genes, nor were registered in the EST database.
Screening by whole-mount in situ hybridization for genes expressed in the tectal-MHB region
To further narrow down the candidate regulators of tectal-MHB region development, we examined the expression patterns of the unique clones. The cDNA fragments obtained by ODD were used as probes for whole-mount in situ hybridization in both 24 through 26-hpf normal and LIM -overexpressing embryos. The expression patterns of a total of 269 cDNA fragments were examined, and 19 clones were differentially expressed in the tectal-MHB region in normal and LIM -overexpressing embryos (Table 1, Fig. 3 ). Of these 19 clones, sequence analysis showed that D103 and D173 (Fig. 3A) were derived from wnt1 (Molven et al., 1991) and fgf8 (Fu Èrthauer et al., 1997) , respectively. Both wnt1 and fgf8 are already known for their roles in the midbrain-MHB reciprocal inductive signaling, thereby con®rming the effectiveness of our screening method. D144, D160, D168, and D249 ( Fig. 3B ) were expressed speci®cally around the tectal-MHB region. The expression was down-regulated (D144, D160, and D168) or up-regulated (D249) by overexpression of LIM . These clones were derived from mRNAs which putatively encoded proteins with similarity to known proteins of other species, but their expressions around the tectal-MHB region were not reported; D144 encoded a protein similar to secreted frizzled-related protein 5 (Melkonyan et al., 1997; Rattner et al., 1997; Chang et al., 1999) ; D160, ephrin-A3 (Kozlosky et al., 1995; Lai et al., 1999) ; D168, brain-type fatty acid binding protein (Denovan-Wright et al., 2000) ; and D249, c-met (Aoki et al., 1996) . D5, D32, D121, and D178 ( Fig. 3C ) were also expressed around the tectal-MHB region but did not show any similarity to known genes. D5 was identi®ed as a clone, which was expressed in the MHB and the anterior tip of otic vesicles at 25 hpf ( Fig. 3C ). In the LIM Isl-3 -overexpressing embryos, D5 expression in the MHB was speci®cally lost, whereas expression in the otic vesicles remained intact (data not shown). The expression pattern of D5 was similar to that 
a Extended primers are designated by their two extended bases at their 3 H -termini. b Comparisons of the band intensities between the ODD samples from the normal (N) and the LIM -overexpressed (L) embryos. of pax5, implying that D5 may be the 3 H -terminal fragment of pax5 cDNA. Although the plasmid cDNA library-based inverse PCR recovered another 2.7-kb fragment upstream of the D5 clone, no ORF has been found which showed similarity to pax5. We also carried out reverse transcriptase polymerase chain reaction (RT-PCR) with pax5-and D5-speci®c primers, but failed to amplify any PCR product (data not shown).
The D32 was expressed dorsally throughout the brain. The expression extended ventrally both at the boundary between the telencephalon and the diencephalon and at the MHB (Fig. 3C) .
The D121 was speci®cally expressed around the MHB at 24 hpf (Fig. 3C) . The expression pattern, however, was apparently different from that of D5. The D121 transcript was expressed around the MHB in an inverse triangular shape; wider in the dorsal part and narrower in the ventral part. The expression of D121 around the MHB was lost in the LIM Isl-3 -overexpressing embryos (Fig. 3C ). We found that the expression domain of D121 around the MHB almost completely overlapped with that of eng2 (data not shown). However, D121 was not expressed in the muscle pioneers nor in a subset of jaw muscles as the eng genes are (data not shown; Ekker et al., 1992; Fjose et al., 1992) . In addition, the ORF sequence of D121 (data not shown) did not show any similarities to that of the three known eng cDNAs.
The D178 was expressed in the dorsal forebrain and the caudal edge of the presumptive tectum (Fig. 3C) . The expression in the caudal tectum extended anteriorly in a decreasing gradient. In the LIM -overexpressing embryos, the expression in the caudal tectum was speci®-cally reduced, while the expression in the dorsal forebrain remained relatively intact (Fig. 3C) .
Three clones (D3, D52, and D254) were speci®cally expressed in neural crest cells including mesencephalic neural crest cells (Fig. 3D) , and sequence analyses indicated that two were already known in other species; D3, inosine-5 H -monophosphate dehydrogenase 1 (IMPDH1; Collart and Huberman, 1988; Natsumeda et al., 1990) ; and D52, GLUT5 the glucose transporter (Kayano et al., 1990) .
The remaining six clones (D55, D63, D93, D150, D204, and D244) were expressed around the tectal-MHB region at lower speci®city but the expression in this region was downregulated by overexpression of LIM (Fig. 3E) ; D55 encoded cysteine dioxygenase (McCann et al., 1994) ; D63, unknown; D93, unknown; D150, adenosyl homocysteinase (Hersh®eld and Francke, 1982; Mohandas et al., 1984; Coulter-Karis and Hersh®eld, 1989) ; D204, plexin-A2 (Kameyama et al., 1996) ; and D244, unknown.
Isolation of zebra®sh homolog of ephrin-A3
We identi®ed a cDNA clone (D160) that was speci®cally expressed in the posterior tectum in an anteriorly decreasing gradient (Fig. 3B) . The protein putatively encoded by D160 showed signi®cant similarity to human and mouse ephrin-A3. Since D160 did not contain the complete ORF, we tried to clone the 5 H upstream region of D160 by plasmid cDNA library-based inverse PCR to con®rm that D160 encodes ephrin-A3. We isolated a 1.5-kb cDNA clone, which was sequenced and found to overlap with D160. These overlapping clones encoded the entire ORF, which encoded a putative protein of 219 amino acids (Fig. 4A) . The sequence comparisons showed that the identities of the protein encoded by the full-length D160 cDNA with human ephrin-A3 and rat ephrin-A3 were 59.7 and 60.3%, respectively (Kozlosky et al., 1995; Lai et al., 1999) , whereas the identities with zebra®sh ephrin-A2 and ephrin-A5b were 38.1 and 36.8%, respectively (Brennan et al., 1997) . Furthermore, phylogenetic analysis showed that the protein encoded by the full-length D160 cDNA was classi®ed into the ephrin-A3 group ( Fig. 4B ; Page, 1996) . Taken together, these results suggest that the protein encoded by the fulllength D160 cDNA was a zebra®sh homolog of ephrin-A3.
Analysis of zebra®sh ephrin-A3 expression
The expression pattern of zebra®sh ephrin-A3 was analyzed by whole-mount in situ hybridization. The expression of ephrin-A3 was initiated by 16 hpf in the presumptive tectal region of the midbrain and the eye primordia (Fig.  5A) . The transcripts expressed in the most posterior part of the presumptive tectum were distributed along the entire dorso-ventral axis, while the more anterior expression was limited to the dorsal part of the midbrain. The posterior-toanterior gradient in the level of ephrin-A3 expression became evident between 23 and 27 hpf (Fig. 5B,C) . The expression was still maintained at 35 hpf (Fig. 5D) . The ephrin-A3 mRNA was also expressed in the nasal part of the retina (Fig. 5A±D,G) . In chick and mouse embryos, it is known that ephrin-A2 and ephrin-A5 are expressed in the nasal part of the retina and the posterior tectum/superior colliculus with a gradient decreasing anteriorly. The expression of zebra®sh ephrin-A2 and ephrin-A5a, b corresponds very closely to this ( Fig. 5H,I ; Brennan et al., 1997; Picker et al., 1999) . In contrast, mouse ephrin-A3 is expressed in the olfactory neuroepithelium, lateral septum, hippocampus, cerebral cortex, and spinal cord, but not prominently in the superior/inferior colliculi Donoghue and Rakic, 1999; Stein et al., 1999) .
Expression of ephrin-A3 in LIM
Isl-3 -overexpressing embryos and in mutant embryos
Using the full-length ephrin-A3 clone as a probe, we reexamined the expression of ephrin-A3 in embryos with a de®ciency in the development of the tectum and MHB. In the LIM -overexpressing embryos, the expression in the tectum was reduced and the posterior-to-anterior gradient was lost (Fig. 5E ). The acerebellar (ace) is a mutant for the fgf8 gene (Brand et al., 1996; Reifers et al., 1998) . The homozygous ace embryo lacks the MHB and has an expanded tectum. In homozygous ace embryos, the expres- Fig. 3 . sion of ephrin-A3 in the tectum was reduced and the gradient of the expression level along the antero-posterior axis was lost (Fig. 5F ), as was observed in the LIM Isl-3 -overexpressing embryos. It has been previously reported that ephrin-A2 and ephrin-A5a, b are also evenly expressed at signi®cantly reduced levels in the tectum of homozygous ace embryos (Picker et al., 1999) .
Discussion
Ordered differential display
In this study, we searched for genes that are speci®cally expressed in the tectal-MHB region under the regulation of the reciprocal inductive signal between the presumptive tectum and the MHB. Other attempts to identify genes speci®cally expressed in this region have also been reported (Funahashi et al., 1999; Chambers et al., 2000) , which adopted strategies based on the regional differences of the gene expression pro®le along the antero-posterior axis of the brain. Our approach was different in that we searched for genes whose expression was altered as a consequence of the speci®c repression of the reciprocal inductive signaling in the tectal-MHB region by overexpression of LIM . This strategy increased the possibility of identi®cation of genes, which are speci®cally involved in this signaling cascade.
We performed ODD to compare gene expression pro®les. The ODD has several advantages over conventional DD (Liang and Pardee, 1992; Welsh et al., 1992) , including less false-positive signals and better reproducibility, and is a more systematic approach for displaying cDNA fragments in a non-redundant manner (Matz et al., 1997; Matz and Lukyanov, 1998) . Since only 3 H -most cDNA fragments are displayed in ODD, in principle the number of displayed fragments corresponds to the number of cDNA species examined. Therefore, as the number of fragments displayed in our experiment was about 26,000, we ultimately examined the expression pro®les of nearly 26,000 cDNA species.
In this systematic approach, we identi®ed wnt1 and fgf8, which are both known to play crucial roles in the development of tectum and MHB in addition to four unknown MHBspeci®c genes. Successful identi®cation of these MHBspeci®c genes con®rmed the crucial role of Islet-3 in the reciprocal inductive signaling in the tectal-MHB region.
Evolution of the Eph and the ephrin family
In the retinotectal projection, RGC axons show distinct responses to the different regions of the tectum along the antero-posterior axis (Walter et al., 1987a,b) . The differential responses exhibited by the RGC axons are thought to be a consequence of the repulsive action by ephrin-A2 and ephrin-A5, which are expressed in the posterior tectum in a posterior-to-anterior decreasing gradient (Cheng and Flanagan, 1994; Drescher et al., 1995) . The antero-posterior order of the retinotectal projection is consistently nearly abolished in mouse ephrin-A2 and ephrin-A5 double homozygotes (Feldheim et al., 2000) .
The D160 clone identi®ed by ODD was expressed in the posterior tectum, and was found to encode a zebra®sh homolog of ephrin-A3. Zebra®sh ephrin-A3 was expressed in the nasal retina and the posterior tectum in a gradient that decreased anteriorly. In zebra®sh, among the ephrin ligands, only ephrin-A2/-A5a/-A5b have been reported to be expressed in the posterior tectum (Brennan et al., 1997; Picker et al., 1999) . Zebra®sh ephrin-A2 is expressed in the posterior tectum in an anteriorly decreasing gradient in the same manner as chick ephrin-A2 (Cheng et al., 1995; Brennan et al., 1997) . Zebra®sh ephrin-A5a is also expressed in the posterior tectum in a steeper gradient than ephrin-A2 (Picker et al., 1999) . The expression pro®le of zebra®sh ephrin-A5a is similar to that of chick ephrin-A5 (Drescher et al., 1995) , however, the expression pattern of the other zebra®sh homolog of ephrin-A5, ephrin-A5b, is somewhat different from that of chick ephrin-A5. The expression of ephrin-A5b is restricted to the most posterior part of the tectum (Brennan et al., 1997) . The expression domain of zebra®sh ephrin-A3 is similar to that of zebra®sh ephrin-A5a and chick/mouse ephrin-A5 ( Fig. 5 ; Drescher et al., 1995; Flenniken et al., 1996; Zhang et al., 1996; Picker et al., 1999; Feldheim et al., 2000) .
In mouse embryos, prominent expression of ephrin-A3 was not detected in the superior/inferior colliculi Feldheim et al., 2000) . Mouse ephrin-A3 is expressed in the nasal neuroepithelium, the lateral septum, the hippocampus, the cerebral cortex, and the spinal cord . No chick homolog of ephrin-A3 has yet been cloned. Zebra®sh ephrin-A3 was not expressed in any of the tissues where ephrin-A3 is expressed in mice. Different patterns of expression of Eph receptors and ephrin -overexpressing embryos, cells along the MHB (brachets) were obscured. (E) The genes expressed in the tectal-MHB region at lower speci®city but down-regulated by overexpression of LIM . D55, cycteine dioxygenase; D63, unknown; D93, unknown; D150, adenosyl homocysteinase; D204, plexin-A2; D244, unknown. Abbreviations: MHB, midbrain/hindbrain boundary; tec., tectum. Scale bars, 100 mm. ligands in different species, however, have already been shown. In the chick temporal retina, EphA3 is expressed with a gradient decreasing nasally, whereas EphA4-7 is expressed uniformly (Cheng and Flanagan, 1994; Connor et al., 1998) . In contrast, EphA3 is not expressed in the mouse retina (Feldheim et al., 1998) . Instead, EphA5/A6 is expressed in the temporal retina with a gradient decreasing nasally (Feldheim et al., 1998 (Feldheim et al., , 2000 . In zebra®sh retina, EphA3 is expressed in the temporal retina with a gradient decreasing nasally, whereas EphA4, which is uniformly expressed in the chick retina, is not expressed in the zebra®sh retina (Macdonald et al., 1994; Xu et al., 1996) . The expression pattern of the ephrin ligand mouse ephrin-A2 is different in chick and zebra®sh. Mouse ephrin-A2 is expressed most intensely in the region anterior to the superior/inferior colliculus boundary with gradients decreasing both anteriorly and posteriorly (Cheng and Flanagan, 1994; Flenniken et al., 1996; Zhang et al., 1996; Feldheim et al., 1998 Feldheim et al., , 2000 . While zebra®sh ephrin-A5b is expressed in a restricted manner in the posterior tectum, zebra®sh ephrin-A5a is expressed in a similar manner to chick and mouse ephrin-A5 (Drescher et al., 1995; Flenniken et al., 1996; Zhang et al., 1996; Brennan et al., 1997; Picker et al., 1999; Feldheim, 2000) .
The rat ephrin-A3 exhibits the similar level of inhibitory effect as the rat ephrin-A5 on neurite outgrowth of dorsal root ganglia explants, and the binding af®nities of both ephrin-A3 and ephrin-A5 to the EphA3 receptor are similar (Lai et al., 1999) . Since EphA3 is expressed in the zebra®sh temporal retina (Macdonald et al., 1994) , it is likely that zebra®sh ephrin-A3 may play a similar role in the retinotectal projection as ephrin-A2/-A5a/-A5b, although a functional assay such as the stripe assay (Walter et al., 1987a,b) is necessary to con®rm the critical involvement of ephrin-A3 in the establishment of the retinotectal projection.
In chick embryos, ephrin-A ligands expressed in RGC axons of the nasal retina are known to negatively modulate the function of EphA receptors for the topographic targeting in the retinotectal projection (Hornberger et al., 1999) . In zebra®sh, ephrin-A3, which is expressed in the nasal retina, may modulate the activity of EphA receptor on RGC axons in a similar manner to ephrin-A2 and ephrin-A5b. In mouse embryos, ephrin-A3 is expressed by the olfactory receptor axons, and it is implicated in synapse formation at the glomeruli by interacting with EphA5 expressed by the mitral cells . However, we found that zebra®sh ephrin-A3 was not expressed in the nasal neuroepithelium, where mouse ephrin-A3 is expressed .
There are two possible explanations for this discrepancy in the expression patterns of ephrin-A3 in different species. 
(E) LIM
Isl-3 -overexpressing embryo at 25 hpf. The expression of ephrin-A3 in the posterior tectum was greatly reduced (arrow), and the gradient was not observed. (F) The homozygous acerebellar embryo at 25 hpf. The expression of ephrin-A3 in the tectum was uniform (arrow). (H) ephrin-A2 is expressed in the tectum with a gradient decreasing anteriorly (arrow) and in the rhombomere 1 (small arrow) in normal embryos. (I) The ephrin-A5b is expressed in the tectum in a posteriorly restricted manner (arrow) and in the nasal retina (arrowhead) in normal embryos. Scale bar, 100 mm.
First, ephrin-A3 may have another homolog due to a genomic duplication in evolution (Postlethwait et al., 1998) , which may be expressed in the nasal neuroepithelium. Alternatively, spatial regulation of the expression of ephrin-A3 may have been altered during the course of the phylogenetic diversi®cation of the brain. As the role of the telencephalon became more and more important, various genes that were originally involved in development of other organs may have been recruited for the regulation of the development of the telencephalon. The ephrin-A3 might be one such gene. Actually, in the development of the primate cerebral cortex, ephrin-A3 is expressed in a posteriorly decreasing gradient, whereas ephrin-A5 is expressed in a gradient complementary to ephrin-A3, i.e. decreasing posterior-to-anterior. Therefore, the ephrin-A system may play a crucial role in the guidance of thalamic input to the cerebral cortex (Donoghue and Rakic, 1999) . In addition, it has been suggested that the ephrin-A system is involved in the hippocampo-septal topographic targeting Zhang et al., 1996; Brownlee et al., 2000) , in which the medial hippocampal neurons expressing a high level of EphA5 innervate the mediodorsal lateral septum which expresses low levels of ephrin-A2/-A3/-A5, whereas lateral hippocampal neurons expressing a low level of EphA5 innervate ventral lateral septum which expresses high levels of ephrin-A2/-A3/-A5. Thus, the hippocampo-septal topographic projection is analogous to that seen in the retinotectal projection. In addition, ephrin-A3 is implicated in the entorhino-hippocampal projection, where EphA5-expressing afferent neurons in layers II and III of the entorhino cortex innervate the outer molecular layer of the dentate gyrus where no ephrin ligands are expressed, whereas the inner molecular layer and the granular layer of the dentate gyrus expresses ligand(s) for EphA5, including ephrin-A3, which may act as a repellent signal for the axons of the entorhinal cortex (Stein et al., 1999) . These results suggest that, in the process of brain evolution, the molecules originally involved in the retinotectal topographic projection might be recruited for other situations related to topographic projections.
Predicted roles of D5, D121, and D178 in the tectal-MHB development
The reciprocal interaction between the tectum and the MHB has been proposed to be crucial for the formation of the tectum and the MHB and for the establishment of the antero-posterior polarity of the tectum (Itasaki et al., 1991; Nakamura, 1992, 1996; Logan et al., 1996; Lee et al., 1997) . The anterior and posterior parts of the tectum show several different properties. The cells in the anterior tectum start neurogenesis earlier than those in the posterior tectum, and the anterior tectum shows a more distinct laminar structure than that in the posterior tectum (LaVail and Cowan, 1971; Altman and Bayer, 1981) .
The D121 clone isolated by ODD was speci®cally expressed in the tectal-MHB region. Interestingly, the expression pattern of D121 was quite similar to that of eng2 (Ekker et al., 1992; Fjose et al., 1992; Fig. 5G,H) . In chick embryos, the expression of en-2 around the MHB extends anteriorly to the tectum (Gardner et al., 1988; Patel et al., 1989) . When en-2 is ectopically expressed in the rostral tectum, several properties characteristically seen in the caudal tectum such as high mitotic activity, poorly laminated cytoarchitecture, strong ephrin-A2/-A5 expression, and arborization of the nasal RGC axons are induced in the ectopically en-2-expressing area (Itasaki and Nakamura, 1996; Logan et al., 1996; Shigetani et al., 1997) .
Together with the fact that en-2 is expressed in the caudal tectum in a rostrally decreasing gradient, these results suggest that en-2 is involved in the signaling pathway underlying the establishment of the polarity of the tectum (Itasaki et al., 1991; Nakamura, 1992, 1996; Logan et al., 1996) . Therefore, the fact that the expression pattern of D121 is quite similar to that of eng2 implies that D121 along with the engrailed gene family might play a crucial role in the establishment of polarity of the tectum. The expression of the D5 clone was identical to that of pax5 (Pfeffer et al., 1998) . The gene-knockout experiments in mouse showed that Pax5 also plays an important role in tectum and cerebellar development (Urba Ânek et al., 1994) . It is not known whether D5 encodes Pax5, but if not, D5 might function in close association with Pax5, such as a co-factor or a direct downstream factor of Pax5. The D178 clone was also expressed near the MHB, with expression extending anteriorly with a gradient decreasing anteriorly. Therefore, D178 may also be involved in establishment of the polarity in the tectum.
To reveal the roles of these novel genes, we are currently isolating the full-length clones of them for overexpression in zebra®sh embryos, and producing the mutant mice in which the counterpart genes of these novel genes are disrupted. These efforts will give us a clearer view of the molecular mechanisms underlying the reciprocal inductive signaling in tectal-MHB development.
Experimental procedures
Embryos and RNA injection
Normal and acerebellar mutant (ace ti282a ; Brand et al., 1996) zebra®sh embryos were collected by natural spawning as described (Wester®eld, 1995) . Embryos were cultured at 28.58C and staged according to Kimmel et al. (1995) . The capped RNA encoding the LIM domain of Islet-3 (LIM Isl-3 ) was synthesized and injected as described previously (Kikuchi et al., 1997) .
Isolation of total RNA
Fifty to 100 pieces of the tectal-MHB region each of normal or LIM -overexpressing 25±26-hpf embryos were excised with microscissors in Earle's balanced saline solution (Gibco BRL, Life Technologies Inc., Rockville, MD, USA) buffered with 25 mM Hepes (pH 7.2). Eyes were not included in the specimens. Total RNA was extracted using Ultraspec RNA isolation system (BIOTECX, Houston, TX, USA) according to the manufacturer's instruction. To remove a trace of contaminated genomic DNA, the extracted total RNA was treated with one unit of DNaseI (ampli®cation grade; GIBCO BRL, Life Technologies). As a control, total RNA from the tail of normal embryos was also extracted.
Ordered differential display
Reactions of ODD was conducted as described (Matz et al., 1997; personal communication) with some modi®ca-tions. Total RNA (1 mg) was used to synthesize the double-stranded cDNA with 0.2 mM of T-primer (5 H -CGC AGT CGA CCG (t) 13 ), using Superscript Choice System (GIBCO BRL, Life Technologies). The cDNA samples were then digested by RsaI. Following adapter ligation (adapter; long oligo 5 H -TGT AGC GTG AAG ACG ACA GAA AGG GCG TGG TGC GGA GGG CGGT, short oligo 5 H -ACC GCC CTC CG), the 3 H -end restriction fragments of the cDNA samples were ampli®ed with DAd-primer (5 H -TGT AGC GTG AAG ACG ACA GAA) and T-primer. Ampli®cation was carried out in PC2 buffer (50 mM Tricine-KOH pH 8.7, 16 mM (NH 4 ) 2 SO 4 , 3 mM MgCl 2 , 150 mg/ml acetylated bovine serum albumin (BSA)) with 250 mM dNTPs, 0.1 mM primers and 25 unit/100 ml KlenTaq polymerase (Ab peptides, St. Louis, MO, USA), in a volume of 25 ml. Polymerase was added to the PCR mixtures at 728C before the ®rst denaturing step. The ampli®cation pro®le was: 948C for 40 s, 658C for 30 s, 728C for 1.5 min, 17 cycles. The resultant pools of 3 H -end restriction fragments were then subdivided into subsets by means of ampli®cation with different combinations of extended primers, 33 P-labeled AdE2-primers (5 H -GCG TGG TGC GGA GGG CGG T(G/T)C nn) and TE-primers (5 H -CGC AGT CGA CCG (T) 13 (A/C/G)n), where n stands for an arbitrary nucleotide. Ampli®cation was carried out in PC2-ODD buffer (20 mM Tricine-KOH pH 8.7, 16 mM (NH 4 ) 2 SO 4 , 2 mM MgCl 2 , 150 mg/ml acetylated BSA) with 250 mM dNTPs, 0.2 mM primers and 25 unit/100 ml KlenTaq polymerase 3 mg/100 ml TaqStart Antibodies (Clontech, Palo Alto, CA, USA), in a volume of 10 ml. The ampli®cation pro®le was: 948C for 40 s, 658C for 30 s, 728C for 1.5 min, 23 cycles. For displaying, 5% sequencing gel (5% long ranger (BioWhittaker Molecular Applications, BMA), 7 M Urea, 1 £ Tris-borate±ethylenediaminetetraace-tic acid (EDTA) (TBE; 0.089 M Tris, 0.089 M Borate, 2 mM EDTA)] was used. As a running buffer, 0.5 £ TBE in upper chamber and 1 £ TBE in lower chamber were used. Electrophoresis was conducted for 3 h at 50 W. After autoradiography, bands which showed altered expression level were excised from the dried gel. Negative control samples were also excised from the corresponding positions of the negative lanes. Excised DNA fragments were extracted in 50 ml of TE buffer for 2 h at 508C and re-ampli®ed with the same speci®c combination of AdE2-primer and TE-primer as were used for displaying the band. Re-ampli®ed products were subjected to agarose gel electrophoresis with 2% NuSieve GTG agarose (BMA, Rockland, ME, USA) containing one unit/ml of H.A.-Yellow (Hanse Analytik, Freiburg, Germany) to separate degenerate fragments. By comparing with the bands in the negative control, the band which was selectively ampli®ed at the enhanced level in the positive samples was excised. Following further separation of the affected bands using one unit/ml of H.A.-Red (Hanse Analytik) ± containing agarose gel electrophoresis, the puri®ed and re-ampli®ed fragments were then directly sequenced using Ad2-primer (5 H -GCG TGG TGC GGA GGG CGG T), and also cloned into pGEM-T Easy vector (Promega, Madison, WI, USA). The resulting clones were sequenced, and the clones which had the same sequence as obtained by the direct sequencing of the original ODD fragments were used for further analyses.
Whole-mount in situ hybridization
The Cloned fragments were ampli®ed with M13 forward and reverse primers (Takara Syuzo, Tokyo, Japan) and puri®ed with Sephacryl-S400HR (Amersham Pharmacia, Piscataway, NJ, USA). Using these fragments as template, DIG-labeled antisense RNA probes were synthesized as described previously (Inoue et al., 1994) . Probes for ephrin-A3, ephrin-A2, and ephrin-A5b were synthesized using full-length cDNA clones as template. The cDNA clones for ephrin-A2 and ephrin-A5b were kindly provided by Drs S. Wilson and N. Holder. Whole-mount in situ hybridization was performed as described previously (Wester®eld, 1995) .
Construction of zebra®sh 25±26-h cDNA library
A plasmid cDNA library from 25 to 26-hpf zebra®sh embryos was constructed using SuperScript plasmid system (Gibco BRL, Life Technologies) and ElectroMAX DH10B cells (Gibco BRL, Life Technologies) according to the manufacturer's instruction. Using the same cDNA source, a lambda phage library was also constructed with the lambda ZipLox NotI-SalI arms (Gibco BRL, Life Technologies) and Gigapack III gold packaging extract (Stratagene, La Jolla, CA, USA) according to the manufacturer's instruction.
Plasmid cDNA library-based inverse PCR
To get longer cDNA fragments, inverse PCR was performed using a plasmid cDNA library as a template according to the instruction given by Dr Tetsuhiro Kudoh (personal communication). In inverse PCR, outward 5 H -and 3 H -speci®c primers complementary to the two separate sequences of the originally cloned fragment were designed so as to amplify the outside of the target cDNA fragment, not the inside between the primers. With these primers, 5 Hextended and/or 3 H -extended fragments were ampli®ed together with the plasmid vector sequence. The ampli®ed fragment was re-ampli®ed with a 5 H -speci®c primer and phosphorylated SXS primer (5 H -CGT CGA CTC TAG AGG ATC CAA GCT TAC GTA CGC GTG C), which is complementary to the plasmid vector sequence just 3 H to the insert cloning site. The re-ampli®ed fragment was then cloned by self-ligation.
Cloning of zebra®sh ephrin-A3
A cDNA clone including whole ORF of zebra®sh ephrin-A3 was obtained by plasmid cDNA library-based inverse PCR. The PCR mixture was: 100 ng of plasmid cDNA library from 25 to 26-hpf zebra®sh embryos, 1 £ LA PCR buffer II (Takara Syuzo), 2.5 mM MgCl 2 , 250 mM dNTPs, 0.2 mM 160u-1 (5 H -speci®c primer; 5 H -CGA AGC CAC TGT TAG GAG AAG CCG GTC TCT GG), 0.2 mM 160d-1 (3 H -speci®c primer; 5 H -TGA GGA GGG GGG AAT GAA AGG TCC AGG GCC), and 1.25 unit of TaKaRa LA Taq (Takara Syuzo) in a volume of 25 ml. Ampli®cation pro®le was: 958C for 15 s, 648C for 15 s, and 728C for 8 min, 30 cycles. The PCR product was 1:1000 diluted, and 1 ml was used as template for the second round PCR, in which 0.2 mM of 160u-1 and 0.2 mM of phosphorylated XS primer (5 H -CGC TCT AGA GGA TCC AAG CTT ACG TAC GCG TGC) were used. Other conditions were the same as the ®rst round PCR. The re-ampli®ed fragment was then cloned by self-ligation. The accession number for the cDNA sequences of zebra®sh ephrin-A3 is AB051678.
